Introduction
============

Kidney cancer global incidence and mortality rate have been increasing worldwide. In 2016, there were 342,000 cases of kidney cancer, and \~400,000 new cases were recorded in 2017 ([@b1-ijo-57-01-0197],[@b2-ijo-57-01-0197]). According to the last estimations from the United States, 73,750 new cases of kidney malignancy and 14,830 mortality cases were expected to occur in 2020 ([@b3-ijo-57-01-0197]). Renal cell carcinoma (RCC) is the most common form of kidney cancer, and clear cell RCC (ccRCC) represents the main histological subtype of RCC, accounting for 80-90% of all cases ([@b4-ijo-57-01-0197],[@b5-ijo-57-01-0197]). At the time of diagnosis, 25-30% of patients with ccRCC present with metastasis ([@b4-ijo-57-01-0197],[@b6-ijo-57-01-0197]). It is therefore crucial to determine the underlying mechanisms of ccRCC progression in order to develop novel strategies for ccRCC treatment.

Metabolic disorders, including the \'Warburg effect\' and rapid production of ATP and building blocks for the synthesis of nucleotides, lipids and amino acids, are recognized as hallmark of cancer ([@b7-ijo-57-01-0197],[@b8-ijo-57-01-0197]) and have thus attracted growing interest. Previous studies have investigated the diagnostic, prognostic and therapeutic role of enhanced glucose catabolism, especially the aerobic glycolysis, in cancer ([@b9-ijo-57-01-0197]-[@b11-ijo-57-01-0197]). In particular, the pentose phosphate pathway (PPP) is a major pathway of glucose metabolism that has been widely implicated in cancer growth and metastasis. This pathway generates nucleotides biosynthesis precursors and NADPH for anabolic reactions and redox balance maintenance, which are necessary for cancer cell proliferation. This reaction is only possible in presence of glucose-6-phosphate dehydrogenase (G6PD) ([@b12-ijo-57-01-0197]). G6PD, which is the principal rate-limiting enzyme of the PPP, is the main actor in PPP-mediated cancer progression ([@b8-ijo-57-01-0197],[@b12-ijo-57-01-0197]). Furthermore, G6PD can cooperate with numerous signaling pathways in order to promote cancer, and G6PD was reported to be overexpressed in various types of tumor, including breast carcinoma, ccRCC and lung adenocarcinoma ([@b13-ijo-57-01-0197]-[@b15-ijo-57-01-0197]). Previous work from our laboratory described the prognostic significance of G6PD in ccRCC, and demonstrated its role in promoting tumor growth through positive feedback regulation of phospho-signal transducer and activator of transcription 3 (p-STAT3) ([@b14-ijo-57-01-0197],[@b16-ijo-57-01-0197]). However, G6PD ability to promote ccRCC invasion remains unknown.

It has been reported that G6PD serves key roles in reactive oxygen species (ROS) accumulation. Previous results from our laboratory demonstrated that G6PD could promote ROS generation by increasing NADPH oxidase 4 activity in ccRCC ([@b16-ijo-57-01-0197]). Furthermore, increased oxidative stress is an important factor leading to abnormal intracellular signal transduction ([@b17-ijo-57-01-0197],[@b18-ijo-57-01-0197]). ROS can induce continuous activation of pSTAT3, NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways ([@b16-ijo-57-01-0197],[@b19-ijo-57-01-0197]-[@b24-ijo-57-01-0197]) and promote the growth of certain cancer, including ccRCC, melanoma and liver cancer, regulate angiogenesis, and accelerate tumor metastasis by promoting the expression of a series of proliferation- and metastasis-related genes, including cyclinD1 and matrix metalloproteinases (MMPs) ([@b16-ijo-57-01-0197],[@b25-ijo-57-01-0197]-[@b27-ijo-57-01-0197]).

Tumor metastasis is a multistep process that involves cell invasion, intravasation, arrest, extravasation and metastatic colonization ([@b28-ijo-57-01-0197]). During the initiation phase of the metastatic process (invasion), the extracellular matrix (ECM) deteriorates to facilitate tumor cell adherence ([@b28-ijo-57-01-0197],[@b29-ijo-57-01-0197]). In addition, MMPs are strongly implicated in the degradation of the ECM ([@b30-ijo-57-01-0197],[@b31-ijo-57-01-0197]), which emphasizes their crucial role in cancer metastasis. In particular, MMP2 has been reported to be upregulated in RCC and to participate in the invasiveness of RCC cells ([@b32-ijo-57-01-0197]-[@b34-ijo-57-01-0197]). MAPK signaling pathway participates in MMP2 activation and ccRCC cell metastasis ([@b35-ijo-57-01-0197]). These evidences indicate that there may be a correlation between ROS, MAKP signaling pathway and MMP2 expression, and may be involved in ccRCC invasion. However, the underlying mechanism between these factors and how they exert the role in ccRCC invasion are not clear.

The present study evaluated the role of G6PD in ccRCC invasion. To do so, the underlying mechanisms of G6PD in ccRCC invasion, and the association between G6PD expression, MMPs expression and ROS-MAPK signaling pathway were investigated.

Materials and methods
=====================

Stable cell line establishment and cell treatment
-------------------------------------------------

The ccRCC cells Caki-1 (ATCC HTB-46™), ACHN (ATCC CRL-1611™) and 786-O (ATCC CRL-1932™) were purchased from Kunming Institute of Zoology (Chinese Academy of Sciences) and were cultured in McCOY\'s 5A media (cat. no. M9309; Sigma-Aldrich; Merck KGaA), MEM (cat. no. 10370-021; Gibco; Thermo Fisher Scientific, Inc.) and RPMI-1640 (cat. no. 11875-085; Gibco; Thermo Fisher Scientific, Inc.), respectively, supplemented with 10% fetal bovine serum (FBS; cat. no. 16140071; Thermo Fisher Scientific, Inc.). Cells were placed at 37°C in a humidified incubator containing 5% CO~2~.

Cells were transfected in order to knockdown or overexpress G6PD as previously described ([@b16-ijo-57-01-0197]). To construct G6PD-knocked down Caki-1 stable cells, 2×10^5^ Caki-1 cells were seeded in a 6-well plate. When they reached 70-80% confluence, cells were transfected with 2 *µ*g of pSR-GFP/Neo-G6PD shRNA (G6PD-KD; sequence, 5′-GAT CCC CGC CTC AGT GCC ACT TGA CAT TCA AGA GAT GTC AAG TGG CAC TGA GGC TTT TTT A-3′) or pSR-GFP/Neo-Non-silencer control plasmid (Non-silencer; sequence, 5′-GAT CCC CTT CTC CGA ACG TGT CAC GTT TCA AGA GAA CGT GAC ACG TTC GGA GAA TTT TTT A-3′) by using Lipofectamine 2000 (cat. no. 11668019; Invitrogen; Thermo Fisher Scientific, Inc.). After 48 h transfection, cells were treated with G418 (cat. no. E859-1g; Amresco, LLC) at the concentration of 1,000 *µ*g/ml for 3 weeks for resistance selection. For the establishment of the G6PD-overexpressing ACHN cells, 2×10^5^ ACHN cells were seeded in a 6-well plate. When they reached 70-80% confluence, cells were transfected with 2 *µ*g pBABE-puro-G6PD (G6PD-OE) or pBABE-puro (Control) plasmid using Lipofectamine 2000. After 48 h transfection, puromycin (cat. no. J598-25 mg; Amresco, LLC) was used at 0.5 *µ*g/ml for 3 weeks for resistance selection.

The ROS scavenger N-acetylcysteine (NAC; cat. no. A7250; Sigma-Aldrich; Merck KGaA) was dissolved in DMSO to prepare a 600 mM stock solution. The ROS stimulator H~2~O~2~ (cat. no. sc-203336) was purchased from Santa Cruz Biotechnology, Inc. 786-O cells were treated with NAC (20 mM) for 24 h or H~2~O~2~ (1 mM) for 2 h ([@b16-ijo-57-01-0197]). The MAPK signaling pathway inhibitors SP600125 (cat. no. M2076), SB203580 (cat. no. M1781) and U0126 (cat. no. M1977) were purchased from Abmole Bioscience Inc. and dissolved in DMSO to prepare 200, 113.9 and 200 mM stock solutions, respectively. Cells were treated with SP600125, SB203580 and U0126 at 5, 10 or 20 *µ*M, respectively, for 24 h ([@b36-ijo-57-01-0197]-[@b40-ijo-57-01-0197]). All stock solutions were stored at -20°C. For cell treatment, each stock solution was diluted with the culture medium and added to the medium according to the final concentrations.

Animal model establishment
--------------------------

All animal experiments were performed according to the Regulations for the Administration of Affairs Concerning Experimental Animals (China, 1988) and approved by the Institutional Animal Care and Use Committee of Kunming Medical University. Six-week-old specific pathogen-free nude mice (n=20) were purchased from Beijing HFK Bioscience Co., Ltd and kept in the department of Animal Technology and Science of Kunming Medical University at 25±2°C, 40-60% humidity, 12/12 h dark/light cycle and 10-15 times/h ventilation. Animals had free access to food and water. Mice were subcutaneously injected with 1×10^6^ G6PD knocked down Caki-1 cells, G6PD overexpressing ACHN cells or relevant control cells into the mice oxter flank (5 mice per group). Tumor size was measured every five days (on days 7, 12, 17, 22, 27, 32, 37, 42 and 47 post-injection) by using the following formula: Tumor size=length x width^2^/2 as described previously ([@b40-ijo-57-01-0197]). Mice were euthanized by intraperitoneal injection of 200 mg/kg pentobarbital sodium (cat. no. P3761; Sigma-Aldrich; Merck KGaA) after the last measurement and tumors were harvested for further analysis.

Reverse transcription-quantitative (RT-q) PCR
---------------------------------------------

Total RNA was extracted from all cells, human ccRCC specimens and adjacent normal tissues and xenograft mice model tissues by using Trizol reagent (cat. no. 15596-018; Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturers\' protocol. Synthesis of cDNA was conducted on 2 *µ*g of total RNA per sample by using RevertAid First Strand cDNA Synthesis Kit (cat. no. K1622; Thermo Fisher Scientific, Inc.) according to the manufacturers\' protocol. RT-qPCR was performed as described previously by using FastStart Universal SYBR Green Master (cat. no. 04913914001; Roche Diagnostics) ([@b40-ijo-57-01-0197],[@b41-ijo-57-01-0197]) for the evaluation of U6, G6PD and MMPs, including MMP1, MMP2, MMP7, MMP9, MMP10 and MMP13 expression levels using ABI Prism 7700 Real-Time PCR System (Thermo Fisher Scientific, Inc.). The 20-*µ*l reaction mixture contained 10 *µ*l of 2 x Mix SYBR Green buffer, 1 *µ*l of forward primer (0.3 *µ*M), 1 *µ*l of reverse primer (0.3 *µ*M), 1 *µ*l of PCR template (20 ng) and 7 *µ*l of RNA-free water. PCR running steps were as follows: Pre-denaturation at 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for 1 min. The relative expressions levels were normalized to the endogenous control U6 and were expressed as 2^-ΔΔCq^ ([@b42-ijo-57-01-0197]). The sequences of the primers are presented in [Table I](#tI-ijo-57-01-0197){ref-type="table"}.

Western blotting
----------------

Western blotting was performed as previously described ([@b16-ijo-57-01-0197],[@b40-ijo-57-01-0197]). All cells, human ccRCC specimens and adjacent normal tissues and xenograft mice model tissues were lysed using RIPA lysis buffer (cat. no. R0010; Beijing Solarbio Science & Technology Co., Ltd.) containing protease inhibitors (cat. no. B14001; Biotoolmake) for 30 min at 4°C. Lysates were centrifuged at 14,010 x g for 10 min at 4°C. Protein concentration was determined by using BCA protein assay kit (cat. no. 23225; Thermo Fisher Scientific, Inc.). Proteins (50 *µ*g) were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membrane. Non-specific binding sites were blocked by using Tris-buffer (50 mM Tris, pH 7.5) containing 5% fat-free milk and 0.1% Tween-20 at room temperature for 1 h. Membranes were then incubated with primary antibodies overnight at 4°C. Details of the antibodies used in the present study are presented in [Table II](#tII-ijo-57-01-0197){ref-type="table"}. Subsequently, corresponding HRP-conjugated secondary antibodies were added and incubated at room temperature for 1 h. After extensive washing, bands were detected by Bio-Rad ChemiDoc XRS+ chemiluminescence imaging system using an enhanced chemiluminescence advanced detection kit (cat. no. 34077; Thermo Fisher Scientific, Inc.). Relative expression levels were normalized to endogenous control using Image J software (version 1.46; National Institutes of Health).

G6PD and MMP2 activity assay
----------------------------

G6PD activity was evaluated in G6PD-knocked down Caki-1 cells, G6PD-overexpressing ACHN cells and their controls by using the G6PD assay kit (cat. no. GMS70013.1; Genmed) according to the manufacturers\' protocol and as previously described ([@b16-ijo-57-01-0197]). The activity of G6PD was analyzed by detecting the change of NADPH in the reaction system. Total protein was extracted according to the instructions of the kit and the total protein concentration was determined by using BCA protein assay kit. The active unit of G6PD was defined as follows: 1 unit of enzyme catalyzed the conversion of 1 mole of glucose 6-phosphate to 6-glucosono-lactone and the formation of 1 mole of NADPH at 1 min at 37°C. Absorbances were detected at OD 340 nm by U-1800 ultraviolet spectrophotometer (Hitachi, Japan). The specific activity of G6PD was calculated according to the total protein concentration and enzyme activity.

MMP2 activity was evaluated in stable transfected cells and correponding controls by using the MMP2 activity assay kit (cat. no. GMS50070.1; Genmed) according to the manufacturers\' instructions. MMP2 activities were measured by using fluorescence resonance energy transfer method (FRET) ([@b43-ijo-57-01-0197],[@b44-ijo-57-01-0197]). In the present study, the donor fluorescent probe was 7-methoxycoumarin which was labeled with the peptide substrate PLGLAR. The polypeptide Gly-Leu bond would be hydrolyzed by MMP2, followed by the 7-methoxy-coumarin polypeptide fragment release and subsequent fluorescence exhibition. The 7-methoxycoumarin concentration and MMP2 activities were estimated using standard curve which was plotted by fluorescence intensity (exciting light, 330 nm; emitting light, 400 nm).

Cell invasion assay
-------------------

Transwell chambers (8 *µ*M, Costar; Corning, Inc.) in 24-well plates were used for the cell invasion assay. Cell medium containing 10% FBS (800 *µ*l) was added in the lower chamber, and 5×10^4^ of G6PD-knocked down Caki-1 cells, G6PD-overexpressing ACHN cells or their control cells in 200 *µ*l serum-free medium were seeded into the upper chamber of the Transwell previously precoated with Matrigel for 48 h. Subsequently, Transwell membranes were fixed with 4% formaldehyde for 15 min at room temperature and stained with crystal violet for 10 min. A total of 10 microscopic fields captured by Leica DM 300 (Leica Microsystems GmbH; magnification, ×100) were randomly chosen and cell numbers were counted to determine the cell invasive ability. Experiments were repeated three times, and each sample was assessed in triplicate.

Immunohistochemistry (IHC)
--------------------------

Xenografted mice tumor tissues were fixed in 4% paraformaldehyde for 12 h at room temperature, and dehydrated by using ascending alcohol series (70% for 2 h, 80% for 1 h, 85% for 1 h, 90% for 1 h, 95% for 1 h, anhydrous ethano l for 1 h, anhydrous ethanol 2 for 1 h, xylene 1 for 30 min, xylene 2 for 35 min). Paraffin-embedded blocks were cut into 3-*µ*m thick sections and used for IHC analysis for G6PD or MMP2 expression by using antibodies presented in [Table II](#tII-ijo-57-01-0197){ref-type="table"}.

The experiments involving human samples were performed in accordance with the regulations of Helsinki Declaration and approved by the Ethics Committee of Kunming Medical University and patients provided signed informed consent. In the present study, 20 patients diagnosed with primary ccRCC between February 2014 and September 2017 (age range, 43-78 years; average age, 56 year) were included. Fresh ccRCC specimens and adjacent normal renal tissues from these included patients were obtained from the Department of Organ Transplantation of the First Affiliated Hospital of Kunming Medical University and immediately frozen and stored in liquid nitrogen. Corresponding paraffin-embedded sections (3-*µ*m thick) including tumor and adjacent normal tissues from the same patients with ccRCC were obtained from the Department of Pathology of the First and Second Affiliated Hospital of Kunming Medical University.

IHC was performed as previously described ([@b14-ijo-57-01-0197],[@b40-ijo-57-01-0197]) by using antibodies presented in [Table II](#tII-ijo-57-01-0197){ref-type="table"}. Firstly, paraffin sections of xenografted mice tumor, human ccRCC or adjacent normal tissues were dewaxed in xylene at room temperature and rehydrated by using decreasing ethanol series (100% twice, and 90, 80, 70 and 60% once, 5 min each time at room temperature). Antigen retrieval was performed using 0.01 M citric acid buffer (pH 6.0; cat. no. C1010; Beijing Solarbio Sciences & Technology Co., Ltd.) at high pressure for 2 min. IHC was conducted by using General-purpose two-step detection kit (cat. no. PV-9000; ZSGB-BIO.) according to the manufacturers\' instructions. Endogenous peroxidase activity was blocked using 3% H~2~O~2~ for 10 min at room temperature. Sections were incubated with primary antibodies overnight at 4°C. A volume of 200 *µ*l reaction enhancement solution was added onto the sections for 20 min at room temperature, followed by 200 *µ*l enhanced enzyme-labeled sheep anti-mouse/rabbit polymer after three washes with PBS for 20 min at room temperature. Tissues were stained by using DAB detection kit (cat. no. DAB-2031; MXB Biotechnologies) for 5-8 min at room temperature, incubated with hematoxylin (cat. no. ZLI-9615; ZSGB-BIO.) for 20 sec at room temperature, dehydrated by using ascending ethanol series (60, 70, 80 and 90% once, 100% twice, 5 min each time at room temperature) and mounted onto glass slides by using neutral resin adhesive (cat. no. G8590; Beijing Solarbio Science & Technology Co., Ltd.). Sections were imaged using a Leica DM25000B microscope (Leica Microsystems, Inc.).

For IHC analysis, 10 areas per section were examined and captured using a Leica DM25000B microscope (magnification, ×400). The expression score of detected factors in ccRCC was determined as follows: Staining intensity x percentage of stained cells, which ranged from 0-12 points. Staining intensity was classified as follows: Negative (0 point), weak (1 point), moderate (2 points) and strong (3 points). Percentage of positive stained cells was as follows: \<25% (1 point), 26-50% (2 points), 51-75% (3 points) or \>75% (4 points). Two blinded independent investigators analyzed the sections. Patients with final staining scores \>4 points were considered to have high protein expression.

*ROS level detection*. ROS accumulation level in ccRCC cells was determined with the fluorescent probe dihydroethidium (DHE; cat. no. R001; Vigorous Biotechnology) by using flow cytometry as previously described ([@b27-ijo-57-01-0197]). 786-O cells were seeded in a 6-well plate at the density of 5×10^5^ cells/well and cultured for 12 h. After stimulated with NAC (20 mM) for 24 h or H~2~O~2~ (1 mM) for 2 h, 786-O cells were washed twice with PBS. DHE solution dissolved in medium was added to each well at the final concentration of 50 *µ*M (2 ml). Blank control cells were incubated with 2 ml fresh medium. Incubation with the probe lasted for 1 h at 37°C in the dark. Cells were washed twice with PBS. Single cell suspension was prepared following trypsin digestion and resuspended into 0.5-1 ml cold PBS. Fluorescence intensity was determined using PARTEC CyFlow Space flow cytometer equipped with FlowJo software (version 10.6.1) (excitation light, 530 nm; emission light, 620 nm).

Statistical analysis
--------------------

SPSS (version 21.0; IBM Corp.) was used for data analysis. *χ*^2^ test was used for IHC analysis. Pearson correlation analysis was used to analyze the correlation between expression level of two different genes. Unpaired or paired Student\'s t-test was used for comparison between two groups, and differences between multiple groups were compared with on-way ANOVA followed by Bonferroni post hoc test. Comparisons in mouse xenograft models were determined using mixed ANOVA and bonfferoni test was used for confidence interval adjustment. Data were presented as the means ± standard deviation. P\<0.05 was considered to indicate a statistically significant difference. Graphs were designed using GraphPad Prism (version 6.0; GraphPad Software, Inc.).

Results
=======

G6PD stimulates ccRCC cell invasive ability
-------------------------------------------

The expression level and activity of G6PD in the non-transfected and trans-fected cell lines were evaluated. As G6PD is naturally more expressed in Caki-1 cells compared with ACHN cells ([@b16-ijo-57-01-0197]), G6PD was knocked down and overexpressed in Caki-1 and ACHN cells, respectively. The results demonstrated that G6PD mRNA and protein expressions were decreased in the Caki-1-G6PD knocked down cells, as well as the G6PD activity compared with Caki-1-non-silencer cells. In addition, mRNA expression, protein expression and G6PD enzyme activity in G6PD overexpressing ACHN cells were increased compared with non-transfected cells ([Fig. 1A-C](#f1-ijo-57-01-0197){ref-type="fig"}). These results demonstrated the stable successful transfections of these cell lines.

Subsequently, the role of G6PD on ccRCC invasive ability was examined. The results demonstrated that the invasion ability of Caki-1-G6PD knocked down cells was significantly decreased compared with non-transfected cells, whereas the invasion ability of G6PD-overexpressing ACHN cells was significantly increased compared with ACHN non-transfected cells ([Fig. 1D and E](#f1-ijo-57-01-0197){ref-type="fig"}). These results indicated that G6PD may facilitate ccRCC invasive ability.

G6PD promotes and is positively correlated with MMP 2 expression in ccRCC cells
-------------------------------------------------------------------------------

In order to explore how G6PD may contribute to ccRCC invasion, the influence of G6PD on MMPs, which are key enzymes implicated in cancer invasion, was investigated. The results demonstrated that none of the mRNA expression changes of MMPs family members, including MMP1, MMP7, MMP9, MMP10, MMP13 were consistent with that of G6PD in stably transfected ccRCC cell lines ([Fig. S1](#SD1-ijo-57-01-0197){ref-type="supplementary-material"}). Specifically, MMP2 and MMP7 mRNA expression was increased in G6PD-knocked down Caki-1 cells compared with Caki-1-non-silencer cells, but decreased in G6PD-overexpressing ACHN cells ([Fig. S1A-B](#SD1-ijo-57-01-0197){ref-type="supplementary-material"}). In addition, the expression of MMP9 was not modified following G6PD knockdown or overexpression ([Fig. S1C](#SD1-ijo-57-01-0197){ref-type="supplementary-material"}). In addition, MMP10 mRNA expression was significantly increased in G6PD-overexpressing ACHN cells, which was not the case for MMP13 mRNA expression. MMP10 and MMP13 mRNA expression was increased in G6PD-knocked down Caki-1 cells ([Fig. S1D-E](#SD1-ijo-57-01-0197){ref-type="supplementary-material"}). In G6PD-knocked down Caki-1 cells, MMP2 mRNA expression was decreased, but increased by 2-fold in G6PD-overexpressing ACHN cells ([Fig. 2A](#f2-ijo-57-01-0197){ref-type="fig"}).

The protein expression and activity of MMP2 in different stable cell lines was therefore evaluated. As presented in [Fig. 2B and C](#f2-ijo-57-01-0197){ref-type="fig"}, MMP2 was highly expressed in G6PD overexpressing ACHN cell lines, whereas it was decreased in G6PD-knocked down Caki-1 cell lines ([Fig. 2B](#f2-ijo-57-01-0197){ref-type="fig"}). In G6PD-knocked down Caki-1 cells, MMP2 activity was decreased; however, in G6PD overexpressing cells, MMP2 activity was increased by 0.8-fold ([Fig. 2C](#f2-ijo-57-01-0197){ref-type="fig"}). MMP2 and G6PD expression was also analyzed in 20 pairs of ccRCC tumor and matched adjacent normal tissues. The results demonstrated that MMP2 and G6PD mRNA and protein expressions were increased in tumor tissues compared with normal tissues ([Fig. 2D and F-H](#f2-ijo-57-01-0197){ref-type="fig"}). Furthermore, results from IHC demonstrated that MMP2 was significantly overexpressed in tumor tissues compared with normal tissues ([Fig. 2J and K](#f2-ijo-57-01-0197){ref-type="fig"}). In addition, the results from Pearson correlation analysis demonstrated that G6PD and MMP2 were positively correlated at the mRNA ([Fig. 2E](#f2-ijo-57-01-0197){ref-type="fig"}) and protein ([Fig. 2I](#f2-ijo-57-01-0197){ref-type="fig"}) levels (r=0.6003, P\<0.01; and r=0.5142, P\<0.05; respectively). These findings indicated that G6PD may promote ccRCC cell invasion, which may be due to enhanced MMP2 expression in ccRCC cells. However, how G6PD, which is an enzyme mainly localized into the cytoplasm, could positively regulate MMP2 remains unclear and requires further investigation.

G6PD overexpression stimulates ROS accumulation and activates MAPK signaling pathway in ccRCC cells
---------------------------------------------------------------------------------------------------

It has been established that G6PD stimulates ROS production in ccRCC cell lines ([@b16-ijo-57-01-0197]). As presented in [Fig. 3A-C](#f3-ijo-57-01-0197){ref-type="fig"}, results were consistent with our previous study using other ccRCC cell lines ([@b16-ijo-57-01-0197]). The results demonstrated that ROS accumulation was significantly decreased in G6PD-knocked down Caki-1 cells compared with the Non-silencer cells ([Fig. 3A-C](#f3-ijo-57-01-0197){ref-type="fig"}, left panel); however, G6PD overexpression increased ROS levels in ACHN cells compared with control cells ([Fig. 3A-C](#f3-ijo-57-01-0197){ref-type="fig"}, right panel). It has been reported that MAPK signaling pathway serves a key role in MMP2 activation and ccRCC cell metastasis stimulation ([@b19-ijo-57-01-0197],[@b35-ijo-57-01-0197]). However, the underlying mechanisms remain unknown. Subsequently, the present study hypothesized that G6PD may activate MAPK signaling pathway following increased ROS accumulation in the cytoplasm, leading to increased MMP2 expression in ccRCC cells. Western blotting was therefore used to determine the expression of various proteins, including ERK, p38, JNK and their phosphorylated forms, which are involved in the MAPK signaling pathway in G6PD overexpressing or knocked down ccRCC cells. The results demonstrated an increased expression ratio of the phosphorylated (p-) forms of ERK, p38 and JNK in G6PD overexpressing cells. Conversely, expression of p-ERK/ERK, p-p38/p38 and p-JNK/JNK were decreased in G6PD knocked down cells ([Fig. 3D-F](#f3-ijo-57-01-0197){ref-type="fig"}). These results demonstrated that G6PD overexpression may enhance ROS accumulation and activate MAPK signaling pathway, suggesting that there may be an association between ROS production and MAPK signaling pathway activation in ccRCC cells.

ROS activates the MAPK signaling pathway
----------------------------------------

To determine whether ROS accumulation could activate MAPK signaling pathway and increase MMP2 expression, NAC and H~2~O~2~ were used to inhibit or increase ROS generation in 786-O cells. Subsequently, the expression of MAPK family members, and the mRNA and protein expression of MMP2 were evaluated. The results demonstrate that ROS level was decreased in NAC-treated cells and increased in H~2~O~2~-treated cells compared with the control ([Fig. 4A and B](#f4-ijo-57-01-0197){ref-type="fig"}). Furthermore, the results from western blotting demonstrated that expression ratios of p-ERK/ERK, p-p38/p38 and p-JNK/JNK was decreased in NAC-treated cells, whereas it was increased in H~2~O~2~-treated cells ([Fig. 4C-E](#f4-ijo-57-01-0197){ref-type="fig"}). These findings suggested that ROS may activate the MAPK signaling pathway. MMP2 mRNA expression and protein expression were decreased in NAC-treated cells, whereas they were increased in H~2~O~2~-treated cells compared with control ([Fig. 4F and G](#f4-ijo-57-01-0197){ref-type="fig"}). Taken together, these results suggested that interactions between G6PD-mediated ROS production and MAPK signaling pathway activation may promote MMP2 expression and contribute to ccRCC invasion.

MAPK signaling pathway is activated in ccRCC tissues
----------------------------------------------------

To verify whether the aforementioned results were seen *in vivo*, MAPK signaling pathway activation was evaluated in ccRCC tissues compared with normal tissues by western blotting and IHC. The results from western blotting demonstrated that expression of total protein expression of ERK, p38 or JNK was not different in tumor samples compared with normal samples; however, p-ERK/ERK, p-p38/p38 and p-JNK/JNK ratios were significantly increased in ccRCC tissues compared with adjacent normal tissues ([Fig. 5A and B](#f5-ijo-57-01-0197){ref-type="fig"}). Furthermore, the results from IHC demonstrated that p-ERK, p-p38 and p-JNK staining scores were significantly increased in tumor tissues compared with normal tissues ([Fig. 5C and D](#f5-ijo-57-01-0197){ref-type="fig"}). Taken together, these findings demonstrated that MAPK signaling pathway is over-activated in ccRCC tissues, which may in part contribute to ccRCC invasion following MMP2 overexpression.

MAPK signaling pathway contributes to MMP2 over- expression in ccRCC cells
--------------------------------------------------------------------------

The aforementioned results suggested that MAPK over-activation may contribute to G6PD-mediated ccRCC invasion via MMP2 upregulation. To detect the potential interaction between MAPK signaling pathway and MMP2 expression in ccRCC cells, Caki-1 cells were treated with specific inhibitors of the MAPK pathway, and RT-qPCR was performed to identify MMP2 mRNA expression. The results demonstrated that MMP2 mRNA level was significantly decreased in Caki-1 cells following treatment with ERK inhibitor U0126, p38 inhibitor SB203580 and JNK inhibitor SP600125 ([Fig. 6A](#f6-ijo-57-01-0197){ref-type="fig"}). In addition, MMP2, p-ERK/ERK, p-p38/p38 and p-JNK/JNK protein expressions were significantly decreased in Caki-1 cells following treatment with the three inhibitors ([Fig. 6B-D](#f6-ijo-57-01-0197){ref-type="fig"}). Taken together, these data indicated that over-activated MAPK signaling pathway may contribute to MMP2 overexpression in ccRCC cells.

G6PD overexpression upregulates MMP2 in vivo
--------------------------------------------

To further evaluate the role of G6PD in ccRCC growth, *in vivo* experiments were conducted. Mouse xenograft models were designed by inoculating G6PD-knocked down Caki-1 cells, G6PD-overexpressing ACHN cells or their control into nude mice. The results demonstrated that G6PD knockdown in Caki-1 cells induced smaller tumors, and the volume of a single tumor in the Non-silencer and G6PD KD group was 634.54 and 552.06 mm^3^, respectively. However, G6PD overexpressing ACHN cells produced larger tumors and the volume of a single tumor in the Control and G6PD OE group was 367.27 and 540.81 mm^3^, respectively ([Fig. 7A-B](#f7-ijo-57-01-0197){ref-type="fig"}). Furthermore, the mRNA and protein expressions of G6PD and MMP2 in the mice tumors were evaluated by RT-qPCR and western blotting, respectively. The results were consistent with results from *in vitro* experiments. As presented in [Fig. 7C and D](#f7-ijo-57-01-0197){ref-type="fig"}, G6PD knockdown significantly downregulated MMP2 expression level, whereas G6PD overexpression significantly increased MMP2 mRNA expression. The results from [Figs. 7E](#f7-ijo-57-01-0197){ref-type="fig"} and [S2](#SD1-ijo-57-01-0197){ref-type="supplementary-material"} demonstrated that protein expression of G6PD and MMP2 was significantly decreased in G6PD knockdown Caki-1-derived tumor tissues, whereas G6PD and MMP2 expressions were significantly increased in G6PD overexpressing ACHN-derived tumor specimens compared with the control group. Furthermore, G6PD and MMP2 expressions were evaluated by IHC in tumor xenografts. The results demonstrated that the staining density and intensity of G6PD and MMP2 were weaker in G6PD knockdown Caki-1-derived tumor tissues, whereas they were stronger in G6PD overexpressing ACHN-derived tumor specimens compared with the control group ([Fig. 7F](#f7-ijo-57-01-0197){ref-type="fig"}). Taken together, these data indicated that G6PD may positively regulate MMP2 expression and may therefore contribute to ccRCC growth.

Discussion
==========

Previous studies reported that G6PD serves a key role in the development of various types of human cancer, including RCC ([@b16-ijo-57-01-0197],[@b45-ijo-57-01-0197]-[@b49-ijo-57-01-0197]). G6PD, which is the rate-limiting enzyme of the PPP, is overexpressed in numerous cancers and contributes to tumor growth. In a previous study conducted in our laboratory, we found that G6PD overexpression promoted RCC cell proliferation and tumorigenesis through the positive feedback regulation of p-STAT3 ([@b16-ijo-57-01-0197]). A recent study demonstrated that the blockade of G6PD by polydatin not only leads to cell cycle arrest and cell apoptosis, but also inhibits tumor cell invasion, reduces tumor size and inhibits lymph node metastasis, indicating therefore the crucial role of G6PD in tumor progression ([@b50-ijo-57-01-0197]). Furthermore, the G6PD/hypoxia-inducing factor 1α pathway has been implicated in the nuclear factor-erythroid 2-related factor 2-mediated breast cancer migration ([@b48-ijo-57-01-0197]). Lu *et al* ([@b51-ijo-57-01-0197]) reported that elevated G6PD expression is associated with the poor prognosis of patients with hepatocellular carcinoma, and that G6PD overexpression contributes to migration and invasion of hepatocellular carcinoma cells by stimulating the epithelial-mesenchymal transition. Despite these accumulating evidence on the role of G6PD in cancer progression, whether G6PD could mediate RCC invasion, and by which underlying mechanisms, remain unclear. The present study aimed therefore to clarify the role of G6PD in ccRCC invasion.

It has been reported that MMP2 is overexpressed in tissues from patients with RCC and involved in RCC invasion ([@b32-ijo-57-01-0197]-[@b34-ijo-57-01-0197]). Furthermore, a case-control study and meta-analysis demonstrated that increased MMP2 protein expression is positively correlated with tumor metastasis ([@b52-ijo-57-01-0197],[@b53-ijo-57-01-0197]). The MAPK signaling pathway is largely implicated in the progression and metastasis of various types of cancer, including RCC ([@b54-ijo-57-01-0197],[@b55-ijo-57-01-0197]). The p38/MAPK, ERK/MAPK and JNK/MAPK cascades are commonly involved in the malignant progression of RCC ([@b56-ijo-57-01-0197],[@b57-ijo-57-01-0197]). In addition, previous studies reported an association between increased expression of MMPs and activation of the MAPK signaling pathway ([@b37-ijo-57-01-0197],[@b58-ijo-57-01-0197]), and between ROS overproduction and activation of the MAPK signaling pathway ([@b22-ijo-57-01-0197],[@b24-ijo-57-01-0197]). The results from the present study and from previous studies suggested that G6PD may promote ROS production in RCC cells ([@b16-ijo-57-01-0197],[@b49-ijo-57-01-0197]). Previous studies also reported a possible interaction between G6PD expression and the MAPK signaling pathway ([@b59-ijo-57-01-0197],[@b60-ijo-57-01-0197]).

The present study hypothesized that G6PD could be involved in ccRCC invasion through the ROS-MAPK-MMPs axis. To do so, stable ccRCC cells lines where G6PD was over-expressed or knocked down were designed. Subsequently, the effect of G6PD expression on ccRCC cell invasive ability was assessed. The results demonstrated that G6PD overexpression increased ccRCC cell invasive ability, whereas its downregulation had the opposite effect. These findings suggested that G6PD may facilitate ccRCC invasion ([@b16-ijo-57-01-0197]). To determine the underlying mechanisms of G6PD, MMP2 expression level was evaluated, and the results demonstrated that MMP2 was over-expressed in G6PD overexpressing cells. Subsequently, MMP2 and G6PD expression levels were evaluated in ccRCC tumor tissues and adjacent normal tissues, and their correlation was determined. The results demonstrated that both MMP2 and G6PD expression were increased in tumor tissues compared to normal tissues. In addition, results from Pearson correlation analysis demonstrated a positive correlation between MMP2 and G6PD expression, suggesting that MMP2 overexpression may be dependent of G6PD dysregulation in ccRCC. Moreover, upregulated MMP2 expression following G6PD overexpres-sion was observed in xenografted mice model. Taken together, these findings indicated that G6PD may stimulate ccRCC invasion by upregulating MMP2.

Activation of the MAPK signaling pathway was then evaluated in ccRCC. In this study, the MAPK signaling pathway included ERK, p38 and JNK kinases. Once these proteins are phosphorylated, they interact with their substrates, leading to stimulation of certain biological processes, including cell proliferation and migration ([@b61-ijo-57-01-0197],[@b62-ijo-57-01-0197]). The results from the present study revealed that the expression of p-ERK, p-p38 and p-JNK was significantly increased in ccRCC tissues compared with normal tissues, suggesting that the MAPK signaling pathway was activated in ccRCC. Furthermore, the expression ratios of p-ERK/ERK, p-p38/p38 and p-JNK/JNK was increased in G6PD overexpressing cells and decreased in G6PD knocked down cells, indicating that activation of the MAPK signaling pathway may depend on G6PD regulation. In addition, the present study confirmed that G6PD overexpression could enhance ROS production in ccRCC cells. Furthermore, MAPK signaling pathway activation was found to be positively regulated following ROS accumulation. These results were obtained by assessing the expression of p-ERK, p-p38 and p-JNK in cells treated with the ROS scavenger NAC and the ROS generator H~2~O~2~. The results demonstrated that the expression ratios of p-ERK/ERK, p-p38/p38 and p-JNK/JNK was decreased and increased in ccRCC cells treated with NAC or H~2~O~2~, respectively. Eventually, the potential relation between ROS accumulation and MMP2 expression, and between MAPK signaling pathway activation and MMP2 expression was evaluated. The results demonstrated that MMP2 mRNA and protein expression levels were decreased and increased following NAC or H~2~O~2~ stimulation, respectively. In addition, the expression ratios of p-ERK/ERK, p-p38/p38, p-JNK/JNK and MMP2 was decreased following cell treatment with relevant MAPK signaling pathway inhibitors. ROS-mediated MAPK signaling pathway dysregulation may therefore contribute to MMP2 overexpression in ccRCC cells.

In summary, the present study demonstrated that G6PD may facilitate ccRCC invasion, probably by enhancing MMP2 expression through the ROS-MAPK axis pathway ([Fig. 8](#f8-ijo-57-01-0197){ref-type="fig"}). The results from the present study confirmed the oncogenic role of G6PD in ccRCC progression, and may contribute to the better understanding of ccRCC invasion and the development of novel therapeutic options for ccRCC.
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![G6PD facilitated ccRCC cell invasion. G6PD expression in ccRCC stably transfected cells were detected by (A) reverse transcription quantitative PCR and (B) western blotting. (C) G6PD activity in ccRCC stable transfected cells. (D) Representative images of the invasive ability of G6PD knocked down or overexpressing ccRCC cells (Scale bar=100 *µ*m). (E) Quantification of the cell invasive ability. n=3. Data were expressed as the means ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. non-silencer or control cells. ccRCC, clear cell renal cell carcinoma; G6PD, glucose-6-phosphate dehydrogenase; KD, knockdown; OE, overexpressing.](IJO-57-01-0197-g00){#f1-ijo-57-01-0197}

![G6PD promoted and was positively correlated with MMP2 expression in ccRCC cells. MMP2 mRNA and protein expression in stable transfected Caki-1 or ACHN cells were analyzed by (A) RT-qPCR and (B) western blotting, respectively. (C) MMP2 activities in stable transfected Caki-1 or ACHN cells was detected by assay kit, and raw data (fluoresence intensity) were transferred into the relative activity changes compared with each control. Evaluation of G6PD and MMP2 expression was conducted in 20 pairs of ccRCC tumor specimens and matched adjacent normal tissues by using (D) RT-qPCR and (F-H) western blotting. Pearson correlation analysis between (E) MMP2 and G6PD mRNA expression and (I) MMP2 and G6PD protein expression. Each analysis was performed at least three times and each sample assessed in triplicate. Data were expressed as the means ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. non-silencer, control or adjacent normal tissues. (J) IHC analysis of MMP2 expression in 20 pairs of ccRCC specimens and matched adjacent normal tissues. Scale bar, 20 *µ*m. (K) Quantification of the MMP2 staining score from (J). ^\*\*^P\<0.01 vs. normal tissues. ccRCC, clear cell renal cell carcinoma; G6PD, glucose-6-phosphate dehydrogenase; IHC, immunohistochemistry; KD, knockdown; OE, overexpressing; RT-qPCR, reverse transcription quantitative PCR](IJO-57-01-0197-g01){#f2-ijo-57-01-0197}

![G6PD overexpression enhanced ROS accumulation and activated MAPK signaling pathway in ccRCC cells. (A and B) DHE-ROS analysis by flow cytometry was used for ROS level detection in (A) G6PD-knockdown Caki-1 cells and (B) G6PD-overexpressing ACHN cells. (C) Quantitative analysis of ROS level. Western blotting analysis and quantification of (D) p-ERK, ERK and p-ERK/ERK, (E) p-p38, p38 and p-p38/p38 and (F) p-JNK, JNK and p-JNK/JNK in G6PD-knocked down Caki-1 cells and G6PD-overexpressing ACHN cells. GAPDH was used as an internal control. Each analysis was performed at least three times. Data were expressed as the means ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. non-silencer or control. ns, not significant; Ctrl, control; DHE, dihydroethidium; G6PD, glucose-6-phosphate dehydrogenase; KD, knockdown; ns, not significant; OE, overexpressing; p, phosphorylated; ROS, reactive oxygen species.](IJO-57-01-0197-g02){#f3-ijo-57-01-0197}

![ROS stimulated MAPK signaling pathway activation in clear cell renal cell carcinoma cells. (A) DHE-ROS analysis by flow cytometry and (B) quantitative analysis of ROS level in 786-O cells following treatment with the ROS scavenger NAC (20 mM, 24 h) or ROS generator H~2~O~2~ (1 mM, 2 h). (C-E) Western blotting of (C) p-ERK, ERK and p-ERK/ERK, (D) p-p38, p38 and p-p38/p38 and (E) p-JNK, JNK and p-JNK/JNK in 786-O cells following treatment with NAC or H~2~O~2~. (F) mRNA expression and (G) protein expression of MMP2 in 786-O cells following treatment with NAC or H~2~O~2~. U6 or GAPDH was used as an internal control. Each analysis was performed at least three times and each sample assessed in triplicate. Data were expressed as the means ± standard deviation. ns, Non-significance; ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. ns, not significant; DHE, dihydroethidium; MMP2, matrix metalloproteinase 2; NAC, N-acetylcysteine; ns, not significant; p, phosphorylated; ROS, reactive oxygen species.](IJO-57-01-0197-g03){#f4-ijo-57-01-0197}

![MAPK signaling pathway is overactivated in clear cell renal cell carcinoma. (A and B) Western blotting and (C and D) IHC were used to determine MAPK signaling activation in 20 pairs of ccRCC specimens and matched adjacent normal tissues. (D) Quantification of the staining scores for p-ERK, p-p38 and p-JNK. Data were expressed as the means ± standard deviation ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. normal tissues. ns, not significant; IHC, immunohis-tochemistry; p, phosphorylated.](IJO-57-01-0197-g04){#f5-ijo-57-01-0197}

![MAPK signaling pathway contributed to MMP2 overexpression in clear cell renal cell carcinoma. (A) MMP2 mRNA expression was determined by reverse transcription quantitative PCR in Caki-1 cells treated with the MAPK signaling inhibitors U0126, SB203580 or SP600125 for 24 h. U6 was used as an internal control. (B-D) Western blotting of (B) P-ERK, ERK, p-ERK/ERK and MMP2, (C) p-p38, p38, p-p38/p38 and MMP2 and (D) p-JNK, JNK, p-JNK/JNK and MMP2 in Caki-1 cells after treatment with U0126, SB203580 or SP600125, respectively. GAPDH was used as an internal control. Each analysis was performed at least three times and each sample assessed in triplicate. Data were expressed as the means ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. DMSO. ns, not significant; MMP2, matrix metalloproteinase 2; ns, not significant; p, phosphorylated.](IJO-57-01-0197-g05){#f6-ijo-57-01-0197}

![G6PD facilitated MMP2 upregulation in the tumors of mouse xenograft models. (A and B) Stable G6PD knocked down Caki-1 cells, G6PD overexpressing ACHN cells and corresponding control cells were subcutaneous injected in mice (n=5 for each group). After 47 days, mice were euthanized, tumors were collected (top panel) and tumor growth curves were analyzed (bottom panel). (C and D) mRNA expression of (C) G6PD and (D) MMP2 in tumors analyzed by Real-time reverse transcription quantitative PCR. (E) G6PD and MMP2 protein expression assessed by western blotting in mice tumors. GAPDH served as a loading control. Each analysis was performed at least three. Data were expressed as the means ± standard deviation. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. non-silencer or control. (F) Immunohistochemistry analysis of G6PD and MMP2 in mice tumors. Scale bar, 20 *µ*m. G6PD, glucose-6-phosphate dehydrogenase; KD, knockdown; MMP2, matrix metalloproteinase 2; OE, overexpressing.](IJO-57-01-0197-g06){#f7-ijo-57-01-0197}

![G6PD may promote ccRCC invasion by enhancing MMP2 expression through ROS-MAPK axis pathway. ccRCC, clear cell renal cell carcinoma; G6PD, glucose-6-phosphate dehydrogenase; MMP2, matrix metalloproteinase 2; ROS, reactive oxygen species.](IJO-57-01-0197-g07){#f8-ijo-57-01-0197}

###### 

Sequences of the primers used for reverse transcription quantitative PCR.

  Primers    Primer sequences (5′-3′)     Product size, bp
  ---------- ---------------------------- ------------------
  U6                                      94
   Forward   CTCGCTTCGGCAGCACA            
   Reverse   AACGCTTCACGAATTTGCGT         
  G6PD                                    167
   Forward   TCATCATCATGGGTGCATCGG        
   Reverse   CTTGAAGAAGGGCTCACTCTGTTTG    
  MMP1                                    82
   Forward   AAAATTACACGCCAGATTTGCC       
   Reverse   GGTGTGACATTACTCCAGAGTTG      
  MMP2                                    178
   Forward   CAGGGAATGAGTACTGGGTCTATT     
   Reverse   ACTCCAGTTAAAGGCAGCATCTAC     
  MMP7                                    158
   Forward   GAGTGAGCTACAGTGGGAACA        
   Reverse   CTATGACGCGGGAGTTTAACAT       
  MMP9                                    207
   Forward   AATCTCTTCTAGAGACTGGGAAGGAG   
   Reverse   AGCTGATTGACTAAAGTAGCTGGA     
  MMP10                                   103
   Forward   TGCTCTGCCTATCCTCTGAGT        
   Reverse   TCACATCCTTTTCGAGGTTGTAG      
  MMP13                                   103
   Forward   ACTGAGAGGCTCCGAGAAATG        
   Reverse   GAACCCCGCATCTTGGCTT          

###### 

Antibodies used for western blotting and immunohistochemistry.

  Name                                                     Supplier                         Cat. no.     Dilution
  -------------------------------------------------------- -------------------------------- ------------ ---------------------------------
  Anti-G6PD                                                Abcam                            ab133525     1:2,000 for WB; 1:200 for IHC
  Anti-MMP2                                                Abcam                            ab110186     1:2,000 for WB; 1:1,000 for IHC
  Anti- JNK1+JNK2+JNK3                                     Abcam                            ab208035     1:2,000 for WB
  Anti-JNK1+JNK2+JNK3 (phospho T183+T183+T221)             Abcam                            ab124956     1:1,000 for WB; 1:100 for IHC
  Anti-p38                                                 Abcam                            ab170099     1:2,000 for WB
  Anti-p38 (phospho T180)                                  Abcam                            ab178867     1:1,000 for WB; 1:500 for IHC
  Anti-ERK1/2 (C-9)                                        Santa Cruz Biotechnology, Inc.   sc-514302    1:1,000 for WB
  Anti-ERK1 (phospho Y204) + ERK2 (phospho Y187)           Abcam                            ab47339      1:1,000 for WB; 1:200 for IHC
  Anti-GAPDH                                               ProteinTech Group, Inc.          10494-1-AP   1:5,000 for WB
  Anti-β-actin                                             Cell Signaling Technology        4967         1:1,000 for WB
  HRP-conjugated goat anti-rabbit IgG secondary antibody   Santa Cruz Biotechnology, Inc.   sc-2004      1:1,000 for WB
  HRP-conjugated goat anti-mouse IgG secondary antibody    Santa Cruz Biotechnology, Inc.   sc-2005      1:1,000 for WB

[^1]: Contributed equally
